Using population synthesis, we study a double-degenerate (DD) scenario for SNe Ia, aiming to estimate the maximum possible contribution to the rate of SNe from this scenario and the dependence of the delay-time distribution (DTD) on it. We make an extreme assumption that all mergers of super-Chandrasekhar pairs of CO white dwarfs (WDs) and mergers of CO WDs more massive than 0.47 M ⊙ with hybrid or helium WDs more massive than 0.37M ⊙ produce SNe Ia. The models are parametrized by the product of the common envelope efficiency and the parameter of binding energy of stellar envelopes α ce λ, which we vary between 0.25 and 2. The best agreement with observations is obtained for α ce λ=2. A substantial contribution to the rate of SNe Ia is provided by the pairs with a hybrid WD. The estimated Galactic rate of SNe Ia is 6.5 × 10 −3 yr −1 (for the mass of the bulge and thin disk equal to 7.2×10 10 M ⊙ ), which is comparable to the observational estimate (5.4 ± 0.12) × 10 −3 yr −1 . The model DTD for 1 t 8 Gyr satisfactorily fits DTD for SNe Ia in the field galaxies . For this epoch, model DTD is ∝ t −1.64 . At earlier and later epochs our DTD has a deficit of events, as in other studies. Marginal agreement with observational DTD is achieved even if only CO+CO WD with M 1 0.8 M ⊙ and M 2 0.6 M ⊙ produce SNe Ia. A better agreement of observed and model DTD may be obtained if tidal effects are weaker than assumed and/or metallicity of population is much lower than solar.
INTRODUCTION
The exceptional role of SNe Ia in exploration of the riddles of the Universe is a result primarily of the fact that, with certain caveats, SNe Ia may be considered as 'standard candles' and serve as a measure of cosmic distance. The nature of SNe Ia is, however, still elusive. The exists only an agreement that they are related to the thermonuclear explosions of white dwarfs (WDs) (Hoyle & Fowler 1960) .
The evolution of close binaries leading to formation of potential precursors of SNe Ia has been discussed for more than 45 years, starting from the papers of Tutukov & Yungelson (1979b) ; Webbink (1979) ; Tutukov & Yungelson (1981) ; Iben & Tutukov (1984) ; Webbink (1984) . The current status of the problem is considered, for example, in the recent reviews by Hillebrandt et al. (2013) ; Maoz et al. (2014) ; Postnov & Yungelson (2014) ; Ruiz-Lapuente (2014) .
There are two main competing hypothetical scenarios of the evolution of close binaries to SNe Ia: (a) the 'singledegenerate' one (SD), implying the explosion of a CO WD ⋆ E-mail:lev.yungelson@gmail.com that accumulated matter from a non-degenerate donor and (b) the 'double-degenerate' scenario (DD), in which SN Ia is a result of the merger of a pair of WD. Other scenarios, such as a merger of WD with the core of a red giant (coredegenerate one in modern terms) (Sparks & Stecher 1974; Ilkov & Soker 2012) or direct collisions of WD (Raskin et al. 2009; Rosswog et al. 2009b ) are usually considered to be less important. We do not consider SNe Ia induced by tidal interactions of WDs with black holes (Rosswog et al. 2009a) and 'resonant' ones (McKernan & Ford 2016) , as well as the possible enhancement of SNe Ia rate owing to dynamical interactions in stellar clusters (Shara & Hurley 2002) .
The topic of the present paper is the double-degenerate scenario. Its main assumption is that the loss of angular momentum via gravitational wave radiation by a close binary with WD components reduces separation of thr WD and leads to the Roche lobe overflow (RLOF) by the lower mass one (with the larger radius). Early simple analytical estimates using mass-radius relation (Tutukov & Yungelson 1979b) suggested that for massratio of components > ∼ 2/3, mass-loss by the WD becomes unstable and the latter completely disrupts, presumingly on a time scale comparable to the orbital period of the c 2016 The Authors system P orb , forming a disk that gradually settles onto the WD. Components of the binary thus 'merge'. Later, Nelemans et al. (2001b) ; Marsh et al. (2004) showed that the stability of mass loss depends also on the efficiency of the tidal interaction in the binary. SPH-calculations taking into account the physical equation of state demonstrated that WD disrupts in ∼ 100P orb and merger occurs in the direct impact regime (e. g., D'Souza et al. 2006; Dan et al. 2009 Dan et al. , 2011 . While the early versions of the scenario assumed as precursors of SN Ia only pairs of CO WD with M1 + M2 M Ch (Tutukov & Yungelson 1979a; Webbink 1979; Tutukov & Yungelson 1981; Webbink 1984; Iben & Tutukov 1984) , currently, mergers of sub-M Ch systems with CO accretors and CO, He and hybrid donors 1 are considered too. The evidence for the necessity of consideration of sub-M Ch SNe Ia was summarized by van Kerkwijk et al. (2010) .
However, an essential problem that is apparently unresolvable in the foreseeable future is that the disruption of the donor and formation of a quasi-steady configuration are modelled by SPH-methods, with resolution ∼ 10 7 cm at best, while models of nuclear burning deal with scales down to ∼ 1 cm. SPH-computations allow us only to determine whether the necessary condition of detonation -an energy release time-scale τ3α is shorter than the local dynamical time-scale τ dyn -is fulfilled, while the necessary and sufficient condition for self-sustained detonation is the supersonic speed of flame propagation. If it does not follow immediately from the computations of merger that the latter condition is fulfilled, one has to judge whether detonation is possible, using results of SPH-calculations as an input for mesh-based codes of different degrees of sophistication. The aim is to find whether formation of 'hot spots' in the merger products is possible, that is, to calculate the critical sizes of hot regions that ignite and yield propagating detonations. The parameters of hot spots (density, temperature and its gradient, geometry) for He were found by 1-D calculations by Holcomb et al. (2013) ; Shen & Moore (2014) and for C/O mixture, most recently, by Seitenzahl et al. (2009) ; Shen & Bildsten (2013) 2 . The above circumstance makes the real role of the DDchannel in production of SNe Ia uncertain. The aim of the present study is to estimate possible contribution of the DDscenario to the rate of SNe Ia and dependence of delay-time distribution for SNe Ia on this scenario under an extreme assumption that all mergers of super-M Ch CO+CO pairs of WD, as well as mergers of CO WD and massive He and hybrid WD result in SNe Ia.
In § 2 we briefly review the extant results of merger computations and show that they are still inconclusive. For this reason, we compute the total rate of mergers of WD pairs 1 M≃ (0.32 -0.60)M ⊙ CO WD that descend from helium stars and have mass abundances of He up to almost 90% in the ≃(0.20 -0.01) M ⊙ envelopes; more massive post-He-stars WD have only traces of He in their envelopes. 2 Such a method may lead to the smoothing of temperature distribution and distortion of the distribution of chemical species, potentially influencing results of calculations, see,for example, the detailed discussion by Shen & Moore (2014) ; Katz et al. (2016) . Another important factor is sophistication of the nuclear reactions grid.
with He, hybrid-and CO-donors and CO or ONe accretors for different parameters of population synthesis, aiming to estimate the upper limit of contribution of mergers to SNe Ia rate and, particularly, of different pairs to the latter. In § 3 we present the assumptions we use, in § 4 our results are presented, followed by Discussion in § 5 and Conclusions in § 6. Some additional information is provided in the Appendix.
MERGER COMPUTATIONS
The merger of WD may proceed through several stages: (i) disruption of the less-massive WD and dynamical accretion; (ii) relaxation of the resulting configuration to the quasisteady state; (iii) evolution of the merger product to a SN or an accretion induced collapse (AIC).
Merger products have a similar structure (Guerrero et al. 2004 ): a cold virtually isothermal core, a pressure-supported envelope, a Keplerian disc, and a tidal tail. If explosion does not happen during dynamical stage of merger, He or C/O-mixture may explode in the envelope which is the hottest part of the object. Detonation of He in the envelope may lead to the detonation of carbon at the periphery of accretor ('edge-lit detonation') or in its central region which is compressed by converging shocks ('double-detonation'). The explosion of a CO WD results in its complete disruption. While the mayor fraction of the accretor mass burns to radioactive Ni, which determines optical luminosity and spectrum of the SN Ia, the donor burns to intermediate mass elements which are responsible for observational manifestations of SN Ia at maximum brightness (Shigeyama et al. 1992; Sim et al. 2010) . Thus, the main role of the donor explosion (or of its remnants after disruption) is to trigger the detonation of the accretor (Rosswog et al. 2009b ).
Sub-M Ch 'double-degenerate' scenario is to a significant extent related to the also still hypothetical 'doubledetonation' scenario with a He-rich donor, either degenerate or non-degenerate, e. g., Livne & Glasner (1991) ; Shen & Bildsten (2014) . Sim et al. (2010) , based on a series of 1-D calculations of pure detonations of CO WD with postprocessing nucleosynthesis and radiation transfer, concluded that sub-M Ch explosions are a viable model for SNe Ia for any evolutionary scenario leading to explosions in which the optical display is dominated by the material produced in the detonation of the primary WD.
Systematic studies of mergers of WD pairs with He WD or CO/He hybrid WD donors and CO WD accretors with mass from 0.4 M⊙ to 1.2 M⊙ were performed by Guillochon et al. (2010) and Dan et al. (2012 Dan et al. ( , 2014 , using grid-based and SPH-codes, respectively. They found that for He/hybrid+CO pairs of WD the condition τ3α τ dyn is fulfilled prior to merger or at the surface contact provided MCO 1.1 M⊙ and mass of He-rich donor > ∼ 0.4 M⊙. In some cases detonation is due to instabilities in the accretion stream. It remains unclear, however, whether these surface detonations may initiate detonation in the core. For CO+CO WD pairs dynamical burning conditions were met for (M1 + M2) 2.1 M⊙ only. Pakmor et al. (2010 Pakmor et al. ( , 2012 studied 'violent' (see below) mergers of several pairs of equal and almost equal mass CO WD (M1 = 0.9 M⊙) in which they assumed, based on com-putations of Seitenzahl et al. (2009) that detonation occurs if, during compression and heating of the matter encountering the accretor, the threshold T 2.5 × 10 9 K at the density of about 2 × 10 6 g cm 3 is reached. As a critical mass ratio for detonation, Pakmor et al. inferred M2/M1 = 0.8. Having in mind that the traces of He (10 −3 − 10 −2 ) M⊙ should be present at the surface of all CO WD and that He is ignited more readily than carbon and, thus, may facilitate nuclear ignition during the merger (Guillochon et al. 2010) , and based on the computation of merger of 1.1 M⊙ and 0.9 M⊙ WDs with 0.01 M⊙ He-envelopes, Pakmor et al. (2013a) speculated that He-ignited (CO+CO) WD and (CO+He) WD mergers may present a unified model for normal and rapidly declining SNe Ia. The model does not explain SNe Ia with strongly mixed ejecta (SN 2002cx type ones). Ruiter et al. (2013) used the relationship between accretor mass and M bol in maximum for detonating sub-M Ch mass CO WD to construct the brightness distribution expected for violent mergers of pairs of CO WD by population synthesis. Under certain assumptions, the shape of brightness amplitude distribution matches the observations well. However, the model needs further elaboration in respect of nuclear display and spectral features. At the moment, it is worth to mention that the model encounters serious difficulties in reproducing spectrophotometric features of SNe Ia because of asymmetries in the distribution of ejecta (Bulla et al. 2016) . Dan et al. (2015) analysed possibility of post-merger explosions for some previously found configurations, using them as an input for the grid-based 2-D hydrodynamical calculations with account of rotation by the code FLASH (Fryxell et al. 2000; Dubey et al. 2009 ). It was found that immediately after completion of merger detonation does not occur in either He+CO or CO+CO pairs, because of too low a density of hot regions (envelopes). To the similar conclusion for CO+CO pairs came Zhu et al. (2013) ; Tanikawa et al. (2015) ; Sato et al. (2015) . However, it was suggested that an insufficient resolution in most computations, < ∼ 500k (k = 1024 particles per M⊙), may be the reason for this (Sato et al. 2016) . In test computations with resolution up to ≈ 2000k in which also 12 C + 12 C reaction was taken into account, detonation conditions of Seitenzahl et al. (2009) , were met by pairs of WD with M1 > ∼ 0.8M⊙ and
One may expect that a further increase of resolution, will allow to resolve smaller hot regions. Sato et al. (2016) also noted that the study of possible mergers at contact for He+CO pairs needs a higher resolution, since the occurrence of helium detonation depends strongly on the mass of the helium layer. This may affect 'unified' model of Pakmor et al. (2013b) . Dan et al. (2015) found that the criteria of spontaneous detonation discovered by Holcomb et al., Holcomb et al. (2013) , Shen & Moore (2014) , Seitenzahl et al. (2009) may be met during evolution of merger products in their most dense and hot regions. However, because of above-mentioned discontinuity in resolution of SPH and mesh-based computations, hot spots were located 'manually', assuming that the merger products evolved to conditions necessary for detonations. It was found that He-detonation, may lead or not lead to the detonation in the centre, As well, it was found that the initial perturbation may not initiate detonation in the envelope, but converging shocks may cause detonation in the core. Some of post-merger configurations do not lead to SN Ia 3 . Raskin et al. (2012) , who also computed the merger of WDs by SPH, have shown that in the models of merger of CO WD with He-envelopes (M1,2 = (0.64 − 1.06) M⊙, MHe = (0.013 − 0.015) M⊙), He detonates in the merger process, but the released energy is not sufficient for initiation of detonation in the core of the merger product. In the continuation of this study, Moll et al. (2013) , have analysed possibility of detonation using grid-based code with a higher resolution and showed that secondary detonation is possible, if massive (M1,2 1.06 M⊙) WD merge. But we note that, like in the studies of Pakmor et al., these computations rely on artificial ignition of detonation.
The long-term post-merger evolution of the merger product of CO WDs which avoided detonation at the merger itself was simulated by Shen et al. (2012) ; Schwab et al. (2016) using α-viscosity prescription. Schwab et al. (2012) performed a similar study for a He+CO WD merger. It was found that merger products evolve on the viscous time scale towards spherical configurations. A hot, slowly rotating, and radially extended envelope forms. Certain amount of mass may be lost by the stellar wind. At the end of this stage, owing to dynamical and viscous heating, the temperature at the base of the envelope may become high enough for offcentre burning. In the case of He/CO mergers, it is possible that He-detonation ensues and a SN Ia explodes. As argued by Schwab et al. (2016) on the basis of 1-D computations, in the case of CO WDs, if the mass of the object remains below 1.35M⊙, inward propagation of the burning leads to formation of a massive ONe WD. In merger remnants with higher mass, neon ignites off-centre. It is expected that a silicon WD forms. If the mass remains super-M Ch , further nuclear evolution will result in formation of an an iron core and collapse, producing a neutron star. The optical manifestation of an accompanying supernova is uncertain. In fact, the study of Schwab et al. questions the role of mergers of CO WD with mass below ≈ 2 M⊙ as progenitors of SNe Ia in the DD-scenario. Ji et al. (2013) have shown (in 2-D) that the merger of a pair of (0.6+0.6) M⊙ CO WDs produces a rapidly-rotating WD surrounded by a hot corona and a thick, differentiallyrotating disk, which is strongly susceptible to the magnetorotational instability. Instability leads to the rapid growth of the initially dynamically weak magnetic field in the disk, spin-down of the 'new-born' WD, and to the central ignition of the latter. However, as the outcome of ignition depends on the temperature profile (Seitenzahl et al. 2009 ), this simulation also does not definitely tell whether SN Ia explodes. Consideration of magnetic field evolution of merger product of M1 + M2 < M Ch WD (Zhu et al. 2015) has shown that exponential amplification of the field strengths occurs. Zhu et al. speculated that magnetic field provides a mechanism for angular momentum transfer and additional heating, facilitating carbon fusion.
However it was pointed out earlier (Piersanti et al. 2003b ) that, if a Keplerian disk forms out of the disrupted component and persists, as a result of the spin-up of rotation of the WD by accretion, instabilities associated with rotation, deformation of the WD, and angular momentum loss by a distorted configuration via gravitational waves, accretion rate onto WD that is initially ∼ 10 −5 M⊙/yr decreases to 4 × 10 −7 M⊙/yr and close-to-centre ignition of carbon becomes possible. This self-regulated accretion mechanism is applicable for pairs with total mass (1.4-1.5) M⊙ at the onset of carbon ignition; its timescale is ∼ 10 6 yr. Kashyap et al. (2015) performed a post-merger evolution simulation for a (1.1+1.0) M⊙ CO+CO WD system and found that a spiral-mode instability developed in the accretion disk on the dynamical time-scale and forced hot disk material to accrete onto the core of the remnant. This process drives a thermonuclear outburst leading to SN Ia without the need for artificial ignition. This mechanism works on the time scale which is two-three orders of magnitude shorter then the magneto-rotational instability suggested by Ji et al. (2013) . Thus, a self-ignited detonation may be possible in post-merger stage at least for the most massive objects. However, follow-up modelling of light-curve and spectrum of the system (van Rossum et al. 2016) led to the suggestion that a better agreement with observables of normal SNe Ia will require lower masses of components, but whether similar mechanism will be effective for these systems remains an open question . Nevertheless, as noted by Kashyap et al. (2015) , a wide range of He+CO WD mergers may ignite unstable helium burning via the spiral-wave mechanism. An attractive feature of the above-described mechanism is that detonation occurs within ∼100 s after merger and ejectum will not interact with any significant amount of the matter lost from the disk and produce additional radiation in the early light-curve which may be misinterpreted in favour of the presence of a non-compact progenitor (Levanon et al. 2015) .
Note that at difference to the simulations of SNe Ia by some other authors, Dan et al. (2012 Dan et al. ( , 2014 ; Moll et al. (2014) ; Sato et al. (2015) ; Sato et al. (2016) took as initial models for exploration of possibility of SN Ia the ones obtained by computations of WD merger, instead of taking an equilibrium hydrostatic model or a model, obtained by the accretion of He onto CO WD. It is assumed initially that WDs rotate synchronously (Fuller & Lai 2012; Burkart et al. 2013 ). In the case of non-synchronous rotation, disruption of the lower-mass WD occurs on shorter time-scale (∼10 P orb ) and is more 'violent' (Dan et al. 2011 ). In the case of non-synchronous initial rotation, nuclear burning starts at larger densities and it is more probable that SN Ia occurs (e.g., Pakmor et al. (2012 Pakmor et al. ( , 2013a ). As noted by Dan et al. (2014) , it is likely that in the latter case detonation happens in the centre of the merger product, while in the former case, at the core surface. As a result, there may be differences in the amount of unburned matter, ejectum velocity and ejectum asymmetry. However, the issue of initial conditions still remains controversial.
A special case is the still badly explored mergers in- volving ONe WD. If the disrupted dwarf is He-rich, one may expect He detonation followed by core collapse, if the remaining mass exceeds M Ch . Such an SN would be classified as a SN Ib (e. g., Kitaura et al. 2006) . Whether Hedetonation can in this case robustly trigger close-to-centre detonation remains an unsolved problem (Shen & Bildsten 2014) . Marquardt et al. (2015) speculated that thermonuclear runaway in the core of ONe WD may be triggered externally and explored such a detonation. They concluded that observationally such explosions will be quite similar to SNe Ia produced by detonations of similar mass CO WD.
To summarize, a clear apprehension of the nature of progenitors of SNe Ia in the DD-scenario and processes occurring during the merger of WDs and in the post-merger stage is currently lacking.
THE MODEL
For clarity, we reproduce in Fig. 1 slightly modified Macc − M don diagram for merging WDs (Dan et al. 2014) which we split into 13 subregions (zones) where the pairs of WD of different mass and chemical composition merge and different outcomes of merger are possible, including SNe Ia. We set the lower mass limit for possibly detonating He WD at 0.37 M⊙; above this limit detonations in the stream and at the contact are possible (Dan et al. 2011 , though, according to Holcomb et al. (2013) , virialised He WD even with MHe 0.24 M⊙ may detonate. Despite the fact that maximum mass of degenerate helium cores of stars slightly decreases with stellar mass (Sweigart & Gross 1978) , we use the 'canonical' value of 0.47 M⊙ as the lower limit for the masses of CO WD produced by AGB-stars. We consider also 'hybrid' WD. Like for He WD, the lower boundary of the mass range of exploding hybrid WD is set to 0.37 M⊙.
Since we aim to evaluate the upper limit of SNe Ia rate provided by merging of WDs, we consider as SNe Ia all mergers of CO and He or hybrid WD in which at least one detonation event is expected, though, as it is shown in the previous section, this issue is still open. it is unsolved, whether all such events will be identified with SNe Ia. We expect the following events in the zones marked in Fig. 1 (Marquardt et al. 2015) . Dan et al. (2012) have shown that C-transferring systems do not detonate at contact. K. Merger of ONe WDs. Thermonuclear explosion is possible, if the envelopes contain He. Such an event may be classified rather as a SN Ib than a weak SN Ia. L. Merger of low-mass He or hybrid WD leading to formation of helium subdwarfs. No SN Ia are produced. RCB. Merger of He and CO WDs in which the necessary conditions for He detonation are not met. Hypothetically, such mergers may lead to the formation of R CrB stars (Webbink 1984; Iben et al. 1996) ; evolution of the latter is defined by competition of core growth due to He-shell burning and mass loss by stellar wind. The growth of the core mass to M Ch and explosion are not very likely, but if they happen, the event would probably be observed as a peculiar SN Ib.
In assigning SN Ia status to the outcome of merger, we used, primarily, numerical results and qualitative considerations presented in Dan et al. (2014 Dan et al. ( , 2015 , as well as data from literature discussed in § 2. Accordingly, we consider as SNe Ia results of mergers occuring in the zones A, B, D, E, F, and J, although we clearly recognize that all of them are still hypothetical. We note the following. If detonation of He in the pairs merging in the zones A and B does not initiate CO-core detonation, He explosions may be still identified with subluminous SNe Ia (Shen et al. 2010; Waldman et al. 2011) . In zone C mergers do not result in SNe Ia according to Eq. (1); furthermore, Macc should exceed about 0.8 M⊙.
In zone D undisrupted CO WD accumulates M Ch via selfregulating accretion in ∼ 10 6 yr (Piersanti et al. 2003a ). To mergers in zones E and F the status of SN Ia is assigned according to results of Sato et al. (2015) and Moll et al. (2014) ; Kashyap et al. (2015) , respectively. As concerns possible explosions of ONe WD, Marquardt et al. (2015) have shown that the detonations of these objects are possible, given that there is an external trigger. Appropriate computations are absent, but it is clear that the 'trigger' dwarf has to be massive or such events may not happen at all. Thus, our limiting M don = 0.9 M⊙ may be too optimistic. Note, however, that the contribution of zone J to the rate of SNe Ia in the case αceλ=2, which we consider as giving the best agreement with observations, does not ecxeed 10 per cent (see § 4).
Population synthesis
For the modelling of the population of merging WDs, we applied the code BSE (Hurley et al. 2000; Hurley et al. 2002; Kiel et al. 2008) . The advantage of BSE is that it is based on a homogeneous system of evolutionary tracks for single stars with metallicity from Z = 0.0001 to 0.02 (Pols et al. 1998) , which was used to construct analytical approximations describing stellar evolution. The shortcoming of BSE is that the evolution of binaries is treated on the base of assumptions originating from the work of other authors or (educated) guesses for never calculated evolutionary transitions.
Our results are based on the modelling of 10 7 initial systems and for each set of initial parameters represent one realization of the model. Hence, they are subject to Poisson noise.
Taking into account recent suggestions on the dependence of the binarity rate on the mass of stars, we approximated this rate as (van Haaften et al. 2013) f b = 0.50 + 0.25 log(M1/M⊙).
(2)
Common envelopes. The problem of common envelopes (CE) is the most acute one in the theory of evolution of close binaries; see Ivanova et al. (2013) for a recent detailed discussion. In the context of the problem we address in the present study, CE form when accretor is not able to swallow all the matter supplied by the donor or the system is subject to the Darwin instability.
There is no unanimous opinion on the form of the equation describing the evolution of stars in the CE. We apply an equation suggested by Tout et al. (1997) , included in BSE as an option, because in our opinion, it better accounts the expenditure of energy on the expulsion of the CE than the 'standard' (Webbink 1984; de Kool 1990 ) equation, if both components have clear-cut cores and envelopes. However, test runs with 'standard' equation show that the difference in the rates of SNe Ia does not exceed 10 per cent. The basic problem of both formulations of the CE equation is that its solution for the ratio of the initial and final separations of the components, upon which it is decided whether the components merged, depends on the product of two parameters -αceλ. The 'common envelope efficiency' αce describes the efficiency with which the spiralling-in cores of components transfer orbital energy to the envelope and disperse the latter; it is expressed in fractions of the orbital energy of the system. Parameter λ characterizes the binding energy of the donor envelope.
A problem related to the outcome of the CE was noted by Kashi & Soker (2011) : while CE equation(s) may formally imply that the system remains detached at the end of the CE stage, in fact some matter of the envelope may not reach escape velocity and remains bound to the system and form a circumbinary disc. Angular momentum loss owing to interaction with the disk may result in further reduction of the binary separation and the merger of components. This may influence, among other populations, SNe Ia, but this problem remains unsolved. On the other hand, the influence of this phenomenon is partially compensated by uncertainty in the treatment of CEs in general.
Both parameters describing the CE are still highly uncertain. For αce, the most important issue is whether there are other sources than orbital energy for expulsion of CEs, that is, whether αce > 1 is possible. In fact, αce is a specific parameter of any CE. The use of it is forced, because for a given system with components at different evolutionary stages and particular combination of M1, M2, a, the outcome of the CE may be found only by 3D hydrodynamical calculations, which still have insufficient resolution or do not account for all physical processes occurring in CEs on different time scales (Ohlmann et al. 2016) . It is evident that λ should continuously vary in the course of stellar evolution; position of the core-envelope boundary remains uncertain -the value of λ may be uncertain by a factor of 10 depending on the definition of the core-envelope boundary (Tauris & Dewi 2001) . Regarding 'observational' estimates, one should bear in mind severe selection effects which may restrict the observed population to fractions of per cent of the intrinsic one, resulting in poor statistics (see e. g. Camacho et al. 2014) .
Nevertheless, we consider it justified to use as a constant parameter the value(s) of αce found for sufficiently representative samples of close binaries that evolved through the CE stage or were derived by the study of particular binaries. However, it appears, for instance, that for low-mass systems -post-CE binaries (PCEB) with M2 < ∼ 0.8 M⊙ from SDSSthe estimates of αce range (within error bars) between 0.02 and 10 (Zorotovic et al. 2010) . Within this range, for the systems with AGB progenitors ,αce values cluster below 0.2, while for those with FGB progenitors almost all αce values are > ∼ 0.2. Thus, the quite common claim that αce ≈ 0.2−0.3 seems to be not well justified. The population of well-studied binary WDs, after accounting for observational selection, is rather well reproduced with αceλ=2 (Nelemans et al. 2001a; Toonen et al. 2012) . Therefore, we performed simulations for αceλ in the range from 0.25 to 2, but consider the version with αceλ=2 as the main one; see § 4. In a similar way, in their studies of SNe Ia, Mennekens et al. (2010) parametrized CEs by αceλ=1, while Toonen et al. (2012 Toonen et al. ( , 2014 used αceλ=2.
Stability of mass-exchange. An under-researched topic in binary star evolution is the stability of mass loss by stars with deep convective envelopes and He-stars. For hydrogen-rich stars we kept the stability criteria accepted in BSE. For helium stars -the remnants of components of binaries with mass > ∼ (2.0 − 2.5) M⊙, which experienced RLOF in the hydrogen-shell burning stage (case B of mass-exchange), stability criteria were modified. Paczyński (1971) ; Iben & Tutukov (1985) have shown that He stars with masses below (0.8 -0.9) M⊙ do not expand after He exhaustion in their cores and evolve straight into hybrid WD. More massive He stars expand in the He-shell-burning stage; the extent of the expansion depends on the mass of the star and RLOF may restart if the components are close enough.
Based on trial computations of semidetached binaries with He donors (D. Kolesnikov et al., in prep.) we consider mass loss unstable if stellar radius becomes 5 R⊙ and q 0.78. If RHe remains below 5 R⊙, the critical q = 3.5.
Angular momentum loss via gravitational waves radiation may bring low-mass He stars into contact with WD prior to He exhaustion in their cores. In the systems where conditions for stable mass exchange are fulfilled, initially, M ∼ 10 −8 M⊙/yr (Savonije et al. 1986; Iben & Tutukov 1991; Yungelson 2008) . At theseṀ , surface detonation of He is possible (Taam 1980; Nomoto 1982) . We exclude such systems from further consideration, because they are not of interest in the present study. Such binaries are suggested to be progenitors of double-detonation SN Ia, but the real efficiency of this scenario is under debate (Piersanti et al. 2014 (Piersanti et al. , 2015 Brooks et al. 2015) .
For WDs, the stability of mass exchange depends on the mass ratio of components and efficiency of spin/orbit coupling (Nelemans et al. 2001b; Marsh et al. 2004) . As well, it is possible that tidal interaction allows stable mass transfer, but the rate of the latter is super-Eddington and a CE may form. We considered mass transfer between WDs as stable, irrespective of the efficiency of spin/orbit coupling, if its rate remains sub-Eddington and M don (in solar units) satisfies the following approximation based on fig. 1 of Dan et al. (2011) : On the other hand, for later RLOF, formation of a CE and merger of components inside them is more probable. There is no consensus on the account of tides in binary population synthesis (BPS); see comparison of assumptions in table 1 of Toonen et al. (2014) . For instance, they were not taken into account in the latest simulations of Claeys et al. (2014) . We used the algorithm for the account of circularisation of the orbits and synchronization of rotation as it is incorporated in BSE: according to Zahn (1975) for stars with radiative envelopes and according to Hut (1981) for stars with convective envelopes.
We implemented in the code modifications to the algorithm of computation of mass transfer rate that make it more stable (Claeys et al. 2014, Eq. (11) ).
Star-formation rate. For the estimate of SNe Ia rate in the Galaxy, we accepted that the star-formation rate (SF R) in the bulge and thin Galactic disk can be described by a function combining exponentially declining and slow constant components (Yu & Jeffery 2010) : SF R(t) = 11 exp(−(t−t0)/τ )+0.12(t−t0) M⊙/yr for t > t0.
(4) Here, time t is in Gyr, τ =9 Gyr, t0=4 Gyr, Galactic age is 14 Gyr. We neglect halo and thick Galactic disk stars with total mass of only several per cent of the mass of the bulge and thin disk. In the bulge and thin disk SF R(t) = 0 at t t0. Current Galactic SF R=4.82 M⊙/yr, well within the range of modern estimates -from ∼ 1 to ∼ 10 M⊙/yr (Gilmore 2001) . The total mass of the bulge and the disk is then 7.2 × 10 10 M⊙, close to the estimate of Klypin et al. (2002) -7 .0 × 10 10 M⊙.
We neglect in the models stellar winds of He stars, because extrapolation of the rates for WR stars or Reimerstype winds assumed in BSE is not justified and, even then, winds are hardly evolutionary meaningful, because of extremely short lifetimes of He stars.
RESULTS

Scenarii for the formation of merging WDs
Population synthesis calculations generate hundreds of evolutionary scenarios. However, the dominant fraction of merging WDs of interest usually form, via only a few channels, differing mainly by the stage in which initially more massive component overflows its Roche lobe. Despite these scenarii were analysed many times, starting from semi-analytical studies by Tutukov & Yungelson (1981) ; Iben & Tutukov (1984) ; Webbink (1984) The fraction of stars evolving via certain channels depends, mainly, on the accepted criteria of the stability of mass loss, the treatment of CE stage(s), the mass and momentum loss from the system, treatment of accretion onto compact stars and criteria according to which the stars are considered as 'merged'. For instance, compare the simulations of Mennekens et al. (2010) and Toonen et al. (2012) which differ in the assumed radii of stellar remnants and αceλ values -1 in Mennekens et al. and 2 in Toonen et al.. In the first study, 80 per cent of CO WD and CO cores of donors merge in the CE, while in the second one only 45 per cent do.
Eight main scenarios, which in our simulations result in the formation of not less than about 90 per cent of all merging pairs of WDs, considered as possible precursors of SN Ia are shown in Table 1 . The table corresponds to Z=0.02, αceλ=2 and tides are taken into account. We apply with slight modification the notation accepted in BSE and widely used in the literature: MS, main-sequence star, HG, Hertzsprung gap star, GB, first giant-branch star, CHeB, a star with central He burning, EAGB and TPAGB, early and thermally-pulsating AGB stars, respectively, HeMS, heliumburning remnant of a star, HeWD, COWD, ONeWD, helium, carbon-oxygen and oxygen-neon white dwarfs, respectively. We consider He-shell-burning 'helium Hertzsprunggap' (HeHG in BSE) stars and 'helium-giants' (HeG in BSE) as similar objects with CO-cores and helium-burning shells, because they differ only in the extent of expansion of He envelopes. They are identified in Table 1 and in the text as 'COHe'. For the pairs of WD produced by a certain scenario, we indicate at pre-merger stage the most common combination of components: for instance, scenario 1 is marked as forming a CO WD+CO WD pair, while in fact, about 25 per cent of pairs contain ONe components, owing to a 'change of the roles' during RLOF when initially less-massive secondaries accumulate large mass; we do not consider pairs with ONe WD for computation of SNe Ia rates etc. In Appendix A, in Figs. A1 -A8, we show for these scenarios positions of initial systems in M1,i − M2,i, M1,i − ai and pre-merger Macc − M don diagrams. The plots are for the αceλ=2 case in which the mergers of WD occur most efficiently (see below).
In scenarii 1 to 4, the first CO WD forms via stable RLOF starting in the Hertzsprung gap or in the first RG-branch (case B of mass exchange). This results in the formation of a He star. As already mentioned, the latter may evolve straight into a CO WD, if their mass is < ∼ (0.8 − 0.9) M⊙ or refill Roche lobe and lose some mass (in small-separation systems) for a short time when the star expands on the thermal time scale in the helium-shell burning stage. Because the first RLOF is stable, the secondaries typically accumulate mass larger than ≈ 2 M⊙ and after mass loss become He-stars. He WD appear only in the side branch of scenario 2 after the CE, if M2 < ∼ 2.25 M⊙. Most merging CO WD+He WD pairs are actually formed by several scenarii that are not among the most prolific ones 4 . Scenario 1 involves stars more massive than ≃ 4 M⊙. Because the masses of components are relatively comparable (Fig. A1 ) both resulting WDs are quite massive and feed, predominantly zones E, F and J.
Systems with 3 < ∼ M1/M⊙ < ∼ 8 evolve via scenario 2, but on average these systems have less massive secondaries than in scenario 1. This scenario is to a significant extent similar to scenario 1, but because of the larger span of the initial masses of components it contributes merging pairs of CO WD to virtually all zones of Macc − M don plane (Fig. A2) . Because the secondaries in some of the initial systems evolving via scenario 2 have initial masses as small as almost 1 M⊙, certain fraction of former secondaries after mass loss in the CE becomes He WD. However, scenario 2 is not the main channel of He WD formation, most of them form, as mentioned above, via non-common routes. In total, in scenario 2, the fraction of merging He and CO WD pairs feeding zone A in Fig. 1 among all merging pairs is 7 per cent for αceλ=0.25, 8 per cent for αceλ=0.5, 0.3 per cent for αceλ=1.0 and 4.5 per cent for αceλ=2.0. Most CO and He WD merge in zone L where they produce hot subdwarfs or in zone RCB, see Fig. 1 .
Binaries with 2.5 < ∼ M1/M⊙ < ∼ 8 M⊙ and less massive secondaries than in the previous scenarios -M2 < ∼ 4 M⊙ -evolve via scenario 3. After the first stable mass exchange these systems become so wide that former initial secondaries overflow Roche lobe only in the EAGB-stage. Their C/O-cores are small, however, and after mass loss in the CE the stars still have relatively massive He envelopes and their evolution is similar to the evolution of He-stars. This scenario con- Table 2 . Relative number of mergers, possible precursors of SNe Ia, occurring in particular zones of Macc − M don diagram over 10 Gyr, for various values of αceλ. Column (1), αceλ. Column (2), the number of scenario according to Table 1 . Column (3), evolutionary stage of the system preceding the first CE. Columns (4) to (9) with headers A to J indicate the relative numbers (in per cent) of WD pairs formed via scenarii listed in column (2) and merging in particular zones of the Macc − M don diagram ( Fig. 1 ) over 10 Gyr. Column (10), relative input of a particular scenario into the total rate of WD+WD mergers for a given αceλ. Column (11), the ratio of the number of mergers of possible precursors of SN Ia and total number of merging WD pairs for every channel and αceλ value. The absence of data on some scenarios for certain αceλ means that for this αceλ the code does not generate such a scenario at all. (Fig. A3 ).
Scenario 4 is followed by systems with 2
, with initial separations of components on average smaller than in scenario 3 (Fig. A4) . For this reason, prior to the CE , secondaries are still in the RGB-stage of evolution and after mass loss produce He stars. The least massive of He stars evolve straight into hybrid CO WD, while more massive ones expand and the system passes through a second CE (Table 1) . If αceλ 0.5, scenario 4 produces also some ONeWD+COWD pairs and makes a small contribution to zone J (Table 2 ).
In scenarios 5 -8, at difference to scenarios 1 -4, the first RLOF in the system is accompanied by a CE. These systems are wide, the primaries overflow their Roche lobes in EAGB and TPAGB stages of evolution (case C of mass exchange), mass-loss is dynamically unstable. Scenarios 5 and 6 (Figs. A5, A6 ) are quite similar. Through these scenarios evolve systems that have similar masses of components. At the time of the first RLOF, companions to mass-losing stars are in the core He-burning stage (Table 1 ) and the compact cores of both stars appear to be immersed in a 'double common envelope'. The result of the CE-stage is formation of a COWD+HeMS binary. Merging pairs contain either a CO WD and a hybrid WD or two CO WDs. The outcome of the merger may be single detonation (zone A), formation of a massive CO WD (zone C) or the merger of (super)-M Ch CO WDs (zones D and E).
Through scenarios 7 and 8 (Figs. A7, A8 ) evolve the most wide close binaries with secondaries within quite a large range from 2.5 M⊙ to almost 5 M⊙. The primaries in these stars overflow Roche lobes in EAGB or TPAGB stage, while their companions still remain MS stars. A CE stage follows. In scenario 7 the donor with small He core first becomes a COHe-star and later -a CO WD. In scenario 7, the separation of components is such that former secondaries overflow their critical lobes in HG or GB stages and turn into He stars. After exhaustion of He in the cores they evolve into CO WD. Scenario 7 feeds 'massive' part of the sub-M Ch zone B where both WDs may explode at contact and zone E, where (super)-M Ch CO WDs merge. In scenario 8, with the wider initial separation of components, a CO WD is formed straight after the first CE, while the former secondary may, depending on the initial mass and separation, overflow the critical lobe in HG, GB or EAGB stages. In all cases, a CE forms and He stars are formed, which later evolve into CO WDs. Like for scenario 7, scenario 8 feeds massive WD part of zone A and zone E.
It is worthwhile to note that, while the precursors of most observed binary WD apparently form via two stages of CE (Toonen et al. 2012) , most progenitor binaries of merging pairs of WD in our simulations have stable first massexchange episode and an unstable (with a CE) second one, as also found by Mennekens et al. (2010); Ruiter et al. (2013) . In the simulations of Toonen et al. (2012) , the fraction of systems which have only one CE stage is close to 50 per cent.
Above, we presented scenarios dominating in the αceλ=2 case. Some scenarios do not realize for all αceλ. Furthermore, their relative input varies with αceλ. In Table 2 we compare the fractions of systems evolving via scenarios listed in Table 1 , depending on αceλ and their input to the particular regions of the Macc − M don diagram. Because of the uncertainty of the value of αceλ we studied the demography of the Macc − M don diagram for αceλ= 0.25, 0.5, 1.0 and 2.0.
For αceλ=0.25 essentially only scenario 3 can result in the formation of a merging pair of WDs and a SN Ia. Because αceλ is low, this may be understood as a result of the merger of components in CE1 or CE2 in other scenarios. Two branches of evolution can be distinguished, leading, predominantly, to the filling of regions A and E of the Macc − M don plane. In the first case, a CO WD merges with a hybrid or a He WD, while in the second one, two CO WDs with M1 + M2 M Ch merge. The contribution to the two zones is comparable. For αceλ=0.25 no systems evolve via scenario 1, that is, mergers of CO and ONe WD do not occur and the 'triggering' of explosions of ONe WD simulating SN Ia (Marquardt et al. 2015 ) is infeasible. For other values of αceλ, significance of this scenario is vanishingly small. Scenario 3 dominates for αceλ=0.5 and 1 and feeds predominantly zones A and E of the Macc − M don diagram. With an increase of αceλ contribution of this scenario to zone A first increases, because a larger fraction of low-mass CO WDs avoids merger. However, with a further increase of αceλ over 1, the separation of components after the second CE episode remains so large, that binaries never merge.
For αceλ=1, scenarii 2, 4, 5 become significant. In general, as expected, with an increase of αceλ, the contribution of systems in which RLOF occurs at later phases, i. e., wider at the zero-age main sequence, increases.
For αceλ=2 scenarii 2 and 4 become dominant, and scenarios 5 and 8 provide a significant contribution to zones A and E, It is important that in all scenarios at least one of the merging WDs is a hybrid one and probably retains some He in the envelope up to the beginning of merger and, in principle, may detonate. Formation of hybrid WD occurs because AGB evolution is typically aborted in a quite early stage, when the CO core is still not well developed and the post-RLOF star continues its evolution as a star with thick He envelope (COHe in our notation). Similarity between the outcome of cases B and early C of mass exchange was noticed by Iben (1986) , but with a caveat that in the case B the stellar remnants are less massive. If RLOF occurred in TPAGB stage, the mass of the nascent WD is also higher than for RLOF in EAGB case, because of the dredge-up event, which occurred in the course of evolution between two stages.
The trends observed in Table 2 are a relatively even (within a factor 1.5) fractional population of regions A and E of Macc − M don diagram irrespective of αceλ and systematic decrease of the population of regions F and J, associated with the most massive WDs, with an increase of αceλ. Most mergers of WDs occur in zones A and E (Table 2) ; that is, as mergers of relatively massive He or hybrid WDs and CO WDs or pairs of CO WDs. Table 2 clearly shows the influence of the combined parameter αceλ on the merger rate of WDs. In scenarios 1-4, most systems after the first, stable RLOF become so wide that, if the expulsion of the matter from the system in CE is efficient (αce is high) merger of components is avoided and they form pairs of WDs which are close enough to merge in Hubble time. With an increase of αce the fraction of merging pairs of WD decreases. Figure A3 , as an example, illustrates variation of the initial parameters of systems contributing to scenario 3 for two extreme cases of αceλ and the influence of this parameter on masses and types of merging WD.
We do not present results for the runs with αceλ > 2 because such high values of αceλ currently seem unrealistic.
Delay-time distribution
The fundamental characteristic of SNe Ia is the 'delay-time distribution' (DTD); that is, distribution over time-intervals between the formation of a close binary and SN Ia explosion, because every scenario of SN Ia has a typical time scale (Tutukov & Yungelson 1994; Ruiz-Lapuente et al. 1995; Jorgensen et al. 1997; Yungelson & Livio 2000) . The empirical DTD is, as a rule, derived from the rate of SNe Ia in the samples of galaxies at large redshifts (z ∼ 1), but may also be derived for individual galaxies, see Maoz et al. (2014) . Theoretically, it is a model of the dependence of the rate of SNe Ia with different precursors on the time elapsed from an instantaneous burst of star-formation that formed a unit of stellar mass. It is evident, that hypothetical SNe Ia associated with short-lived objects, for example, He stars, should have short delays ( < ∼ 1 Gyr). On th other hand, if particular scenario is associated with potentially long-living objects, like double-degenerates, delays for them may, in principle, overlap with entire lifetime of a galaxy, because most massive WD start to merge in several tens of Myr after a starformation burst and the upper limit is the Hubble time. Both experimental and theoretical estimates of DTD are overburdened by numerous uncertainties. For empirical estimates, uncertainty may reach an order of magnitude, depending on the sample of SNe Ia under study and possible systematic errors; see Maoz et al. (2014) for a detailed discussion and Fig. 2 . The scatter in the theoretical estimates results mainly from the difference in the treatment of evolutionary transformations of binaries in different BPS codes (Toonen et al. 2014 ). Figure 4 . DTD for the WD mergers following scenarios listed in Table 1 for the case αceλ=2. Symbols with error bars: 'observational' DTD like in Fig. 2 . .7(-6) ± 5(-7) 1.3(-5) ± 1(-6) 4.9(-5) ± 2(-6) B Y 7(-7) ± 3(-7) 2.0(-6) ± 3(-7) 1.0(-6) ± 3(-7) 1.8(-5) ± 1(-6) C N -6.8(-8) ± 6(-8) 5.6(-6) ± 7(-7) 7.8(-6) ± 9(-7) D Y -2.3(-8) ± 3(-8) 4.1(-6) ± 6(-7) 9.5(-6) ± 9(-7) E Y -6.0(-6) ± 6(-7) 2.2(-5) ± 1(-6) 4.7(-5) ± 2(-6) F Y -7.3(-7) ± 2(-7) 1.2(-6) ± 3(-7) 5.6(-6) ± 7(-7) G N -6.3(-7) ± 2(-7) 9.7(-6) ± 1(-6) 2.2(-5) ± 1(-6) H N 2(-7) ± 1(-7) --1.4(-5) ± 1(-6) I N 2.2(-6) ± 5(-7) 8.5(-6) ± 7(-7) 1.5(-5) ± 1(-6) 4.0(-5) ± 2(-6) J Y 3(-7) ± 2(-7) 4.1(-6) ± 5(-7) 9.7(-6) ± 1(-6) 1.1(-5) ± 1(-6) K N -4.8(-6) ± 5(-7) 1.1(-5) ± 9(-7) 1.5(-5) ± 1(-6) L N 2.9(-5) ± 2(-6) 1.6(-4) ± 3(-6) 5.1(-4) ± 6(-6) 7.7(-4) ± 8(-6) R CrB N 3.4(-5) ± 2(-6) 2.5(-4) ± 3(-6) 4.5(-4) ± 6(-6) 5.2(-4) ± 7(-6) SN Ia 9(-7) ± 3(-7) 1.7(-5) ± 1(-6) 5.1(-5) ± 2(-6) 1.4(-4) ± 4(-6) WD2 Merger 6.6(-5) ± 2(-6) 4.3(-4) ± 4(-6) 1.1(-3) ± 9(-6) 1.5(-3) ± 1(-5) Table 4 . The rate of mergers of binary WD formed via different evolutionary scenarii at 10 Gyr after an instantaneous star-formation burst as a function of αceλ (per 10 10 M ⊙ yr −1 ).
Scen. αceλ 0.25 0.5 1.0 2.0 1 ---9.8(-6) ± 2(-6) 2 -3.9(-6) ± 7(-7) 1.3(-5) ± 2(-6) 3.6(-5) ± 4(-6) 3 9(-7)± 4(-7) 1.3(-5) ± 1(-6) 2.5(-5) ± 3(-6) 4.3(-5) ± 5(-6) 4 --1.1(-5) ± 2(-6) 1.6(-5) ± 3(-6) 5 -1.1(-7) ± 5(-8 1.4(-6) ± 7(-7) 7.2(-6) ± 2(-6) 6 --4.7(-7) ± 4(-7) 2.1(-6) ± 1(-6) 7 ---8 ---3.1(-5) ± 4(-6) SN Ia 9(-7)± 4(-7) 1.7(-5) ± 1(-6) 5.1(-5) ± 4(-6) 1.4(-4)± 9(-6) Figure 2 shows the model DTD for the mergers of WDs potentially leading to SNe Ia and empirical data for elliptical galaxies from Subaru/XMM-Newton Deep Survey (Totani et al. 2008) , galaxy clusters (Maoz et al. 2010) , and a sample of galaxies from SLOAN II Survey . Clearly, none of the models fit observations at very early epochs ( < ∼ 500 Myr). Only models for αceλ=2 fit points at ≈1 and 8 Gyr of DTD derived for SLOAN II Survey which has very large time-bins and error bars. If we consider the DTD for galaxy clusters, at ≈(7 -10) Gyr, the difference approaches a factor close to 3-4. The main fraction of mergers occurs in the zones A and E of the Macc − M don diagram. For illustration, at the request of the referee, in Fig. 3 we replot DTD for the αceλ=2 case, showing data for the first (0.05-2) Gyr on a log-scale. Note that, while the lines for particular scenarios are quite irregular, the summary line shows a gradual growth of the rate of SNe Ia, mainly as a result of the smooth increase of mergers occurring in zone E (merger of CO WDs). Recall also, that at t < ∼ 2 Gyr a significant contribution to SNe Ia rate may provide a SD-chanell, associated either with hydrogen or helium transfer (see e. g. Bours et al. 2013; Wang et al. 2009 ). Figure 4 shows DTD for eight scenarios listed in Table 1 for the most prolific combination αceλ=2. While at very early times, t < ∼ 1 Gyr, scenarios 2, 4 and 7 dominate, later, at t ≈(3 -10) Gyr, comparable contribution is, crudely, provided by scenarii 2, 3 and 8 (see also Table 3 ). Scenario 7 is associated with massive WDs, and there is only a very narrow 'gap' of initial separations for binaries with M1 < ∼ 4.5 M⊙ which just enables mergers in less than about 4 Gyr. It is important that in all scenarios one of the merging components is either a He WD or a CO WD which descended from a He star. Thus, the envelopes of WD always have certain amount of He, which may experience detonation and, under favourable conditions, trigger a detonation in an accreting WD.
As a complement to Fig. 2 , in Table 3 we present the rate of WD mergers occurring at 10 Gyr after star formation burst in different regions of the Macc − M don diagram, while the rates of WD mergers at 10 Gyr after the burst as a function of αceλ are presented in Table 4 . (Seitenzahl et al. 2013) and from the analysis of the mass of SNe Ia ejecta (Scalzo et al. 2014a,b; Childress et al. 2015) , see Discussion section. Note also that in the lower right panel of Fig.2 the model results for zone E, namely mergers of CO+CO WD pairs with M1 0.8 M⊙ and M2 0.6 M⊙ taken alone, also fit, within errors, observational data of ) for the 500 Myr-2.5 Gyr and 2.5 Gyr-12 Gyr time bins.
However, mergers of sub-M Ch pairs occur predominantly in zone A of the Macc − M don diagram. Surface detonations are likely to occur only if M1 > ∼ 0.8 M⊙ (Guillochon et al. 2010; Dan et al. 2012) .
If the first detonation occurs in the post-merger phase, further evolution resembles that of double-detonation systems, where detonation in the envelope plays the role of the trigger, as also noted by Dan et al. (2015) . For the latter scenario, it was found that, for explosion to resemble a SN Ia, M1 should be > ∼ 0.9 M⊙ ). In our simulations for αceλ=2, in the case of an instantaneous star formation burst, the fraction of accretors with M1 > ∼ 0.8 M⊙ in the systems merging in zone A is, at t ≈ 10 Gyr, close to 20 per cent. It is close to 40 per cent at t ≈ 8 Gyr and much lower at other epochs. In the case of SFR described by Eq. (4) it is permanently close to 15 per cent, see below. If the stars that do not explode in the merger process also do not explode later, above-mentioned M1 limits, if confirmed in future, may strongly reduce possible contribution of zone A to the rate of SN Ia.
Figures 5 and 6 illustrate evolution with time of the distribution of masses of accretors, donors and of total mass of the systems at merger for the case of instantaneous star-formation burst. In Fig. 7 we show the evolution of the rate of WD mergers potentially leading to SNe Ia for a galaxy mimicking the Milky Way, with SF R given by Eq. (4). Dependence of the rate of SNe Ia on αceλ for different scenarios and zones of Fig. 1 is presented in tables 5 and 6, respectively. It is clear that, as in the case of star-formation burst, the rate of mergers increases with αceλ, because less systems merge in CEs. The rate of putative SNe Ia slightly declines with time. This reflects declining SF R and the fact that, in all most prolific scenarios, mergers of DD peak at < ∼ 1 Gyr and then decline rather fast. Our estimate of the possible Galactic SNe Ia rate owing to DD mechanism, namely 6.5 × 10 −3 yr −1 (for the mass of the bulge and thin disk equal to 7.2 × 10 10 M⊙) is close to the latest estimate presented in the literature, namely, (5.4 ± 0.12) × 10 −3 yr −1 (with systematic factor ∼ 2; Li et al. (2011) ). Recall, however, that we employ an extreme assumption that all the following contribute to SNe Ia: mergers of super-Chandrasekhar pairs of CO WDs, mergers of CO WDs more massive than 0.47 M⊙ with hybrid or helium WDs more massive than 0.37M⊙ and mergers of ONe and massive ( 0.9 M⊙) CO WDs (Fig. 1 ). An increase of these limits, will reduce obtained rate.
The masses of accretors have a peak close to 0.7 M⊙ at t = (1 − 7) Gyr after beginning of star formation in the bulge and thin disk and range, predominantly between 0.45 M⊙and 1 M⊙ (Fig. 8) . Later, average M1 values very smoothly become lower and at the current assumed age of the Galaxy (14 Gyr) most of the accretor masses are between 0.6 and 1.0 M⊙. Donor masses have two peaks -close to 0.7 M⊙ (CO WD) and at 0.4 M⊙ to 0.6 M⊙ (most massive He WD and hybrid WD). The existence of two peaks in donor masses results in a double-peaked distribution of total mass of merging WDs, with peaks close to 1.0 M⊙ and 1.4 M⊙.
DISCUSSION
Tidal effects
A substantial uncertainty in the results of BPS for putative precursors of SNe Ia is caused by the treatment of tidal effects. As noted in § 3.1, they are not always taken into account, in contrast to our study. In order to illustrate the effect of tides, we present in Fig. 9 a model DTD obtained using the same BPS code, but excluding tidal effects and compare it with the model DTD obtained 'with tides' and with observations, as in Fig. 2 . We present only summary curves. It is immediately clear that in the extreme case of absence of tides, the DTD becomes more compatible with observations, at least for the DTD derived from SNe Ia in the Subaru/XMM Survey by Totani et al. (2008) (diamonds) and in galaxy clusters by Maoz et al. (2010) (triangles) . For comparison, we also show that, if as an extreme assumption we suppose that all merging WD produce SNe Ia, the rate of the latter due to DD-scenario becomes even higher than observed. The reason for better agreement with observations may be understood as the effect of typically later RLOF in the same systems and production of more massive WD. Some systems experience case C of mass exchange instead of case B.
Metallicity
Another source of uncertainty is stars with sub-solar metallicity: Z ∼ 0.0001 may be typical for the first generation of stars enriched by heavy elements produced in explosions of Pop. III stars (Smith et al. 2015) . Even in the Galaxy about 10 ultra-low-metallicity ([Fe/H] <-7) stars are known (Table 1 ). Lower panel: systems feeding different regions of theMacc − M don diagram (Fig. 1) . (Keller et al. 2014 ). Reduction of Z to an extreme value of 0.0001 results in improvement of agreement with observational DTD (Fig. 2) . The reason is a general increase of precontact masses of stars with decreasing Z, owing to strongly reduced stellar winds. However, this result should be taken with a pinch of salt: evolution of close binaries with nonsolar Z in all BPS codes is an extrapolation of computations for Z=0.02. Because of different masses of stellar remnants at the end of similar evolutionary stages, the time-scales of evolution, further evolutionary scenarios and/or their relative significance may be different. In addition, the chemical composition of WDs depends on their initial metallicity and may influence the development of explosions involving them.
Stability of mass-loss by the donors.
A long-standing problem is stability of mass-loss by donors with deep convective envelopes and in systems with high mass-ratio. In simulations, we used critical values of the mass-ratios of components for low-mass stars and giants implemented in BSE (Hurley et al. 2002, Eqs. (56) , (57) dynamical mass loss by red giants may be avoided owing to existence of a super-adiabatic outer layer of the giant's envelope which has a local thermal time-scale comparable to the dynamical time-scale and has enough time to readjust thermally. Pavlovskii & Ivanova (2015) found that qcr varies from 1.5 to 2.2 for conservative mass transfer 5 . In scenarios 1 -4 (Table 1) , the first CO WD in the system forms via stable RLOF. For revised upward qcr, more systems would avoid the first CE and, possibly, evolve to form a pair of WDs. Because typical separations of components after the second CE will be larger, a lower efficiency of matter ejection in CEs will be required for retaining or increase the rate of WD mergers.
Pre-CE core radii of the donors
Hall & Tout (2014) called attention to an uncertainty inherent to all BPS codes: it is unclear what values of radii is necessary to compare in order to find whether stars merged in CEs, namely, pre-CE core radii of the donors or the radii of post-CE stripped remnants. Currently, in BSE the first option is implemented. As well, the radii of stellar cores themselves are poorly approximated. This uncertainty may influence, mostly, the outcome of CE produced by RLOF in the pairs of (i) HG and RGB, (ii) RGB and RGB stars, and (iii) in binaries harbouring HG or RGB stars with He WD companions. To test suggestion of Hall & Tout (2014) , we implemented in the code suggested by them corrections for RGB and TPAGB stars. However, in our simulations we did not encounter events of the kinds (i) and (ii), while CEs with He WD are rather rare. Thus, our results remained virtually unaffected. The above-mentioned imperfections are partially outset by uncertainties in the core-envelope definition (i. e., envelope binding energy) and CE ejection efficiency. Hall & Tout noted that it is difficult to constrain the parameters found by them to be uncertain, by observations, since spatial densities of the concerned binaries are poorly known. All the above-mentioned problems in the treatment of binary star evolution still require a more systematic investigation before it will be possible to quantify the respective effects to the degree which will allow to make the necessary corrections in BPS codes. It is impossible to evaluate the influence of all of them on the rate of formation of putative progenitors of SNe Ia, but it may be easily suspected that, for example, the rates of merger of WDs will change within a factor of 2 -3.
The slope of the DTD curve
The slope of DTD curve vs. the time close to t −1 is often considered as evidence in favour of DD-scenario being the main mechanism producing SNe Ia. If the distance between the components a after the last CE episode obeys the power-law dN/da ∝ a ǫ , while the merger time depends on a as t ∝ a γ , the dependence of the DTD on time should be a power law with index φ = −1 + (ǫ + 1)/γ. It is usually assumed that merging pairs of WD are distributed over a like main sequence stars. Then φ = −1, by virtue of almost 'standard' assumption ǫ = −1 (Popova et al. 1982 ). In Fig. 10 , we show distribution of progenitors of merging WD+WD binaries on the main sequence and before and after the last CE episode. It is clear that in the course of evolution distribution over a experiences complicated non-linear transformation and, separately, neither sub-M Ch nor (super)-M Ch mergers obey a a −1 law, but the latter is, crudely, followed by their combination. If other mechanisms also contribute to SNe Ia, they may also influence the slope of the DTD curve. The disagreement of the shape of model time-dependence of merging double-degenerates and a simple power-law was also noted by Ablimit et al. (2016) .
The rate of SNe Ia.
The aim of our study was to estimate the upper bound to the input of mergers of WDs into the rate of SNe Ia. For a satisfactory agreement with observations, at least some of the included model events should be sub-M Ch mergers, involving CO accretors and massive He WD or hybrid WD as donors. Observations provide some evidence in favour of existence of sub-M Ch SNe Ia, through a significant scatter in the estimated masses of produced 56 Ni and ejected mass, which for some samples cluster around certain values, substantially below M Ch (e. g., Stritzinger et al. 2006; Mazzali et al. 2007; Scalzo et al. 2014a,b; Childress et al. 2015) . In particular, Scalzo et al. (2014a,b) claim that the fraction of sub-M Ch SNe Ia may be up to 50 per cent. However, as yet, no conclusions are drawn, whether these features of SNe Ia are related to their mass or to variations in the explosion conditions of M Ch WDs. On the other hand, our model sample of merging pairs of WDs contains a substantial fraction of strongly super-M Ch pairs. As shown by Moll et al. (2014) , however, the spectra of SNe Ia produced in these events resemble the spectra of 'normal' SNe Ia. We have mentioned in comments to Figs. 2 and 4 that, within observational errors we get satisfactory agreement with observations even if we assume that only CO+CO WD pairs with M1 0.8 M⊙ and M2 0.6 M⊙ can produce SNe Ia. Here, we implicitly assumed that SNe Ia may explode either in the merger stage or in the merger product evolution stage. This issue is, however, still open. If we assume that explode pairs in which explosion conditions are met in the merger stage only and Eq. (1) should be satisfied, the expected rate of SNe Ia sharply drops. In Fig. 11 we compare observational DTD with model distribution for systems obeying Eq. (1). A reduction of the rate by a factor ∼20 at t =10 Gyr is immediately seen. This may signify serious problems either with observational estimates of DTD or in our understanding of processes that occur during and after mergers. It is interesting that scenario 3, which is one of the main contributors to the SNe Ia rate in the 'standard' model, in 'Sato et al.' case terminates production of massive mergers after ≈ 4 Gyr.
CONCLUSION
In the present study we have attempted to estimate the maximum possible contribution of merging binary WD to the total rate of SNe Ia. The main motivation of the study was the fact that, currently, merger of WDs is the only known (but still hypothetical) mechanism that has a natural timescale overlapping with Hubble time. In our study we did not consider relations between different types of SNe Ia and possible combinations of components of the merging pairs, as we clearly recognize that there are 'grey zones' in which current simulations of mergers do not demonstrate events that are similar to SNe Ia of any known kind. This may be related to inaccessibility of the physical conditions necessary for SNe Ia explosions or be a result of an inadequate understanding of the physics, or of numerical problems. The only limits imposed on the components of merging pairs arose from the knowledge that merger results at least in a single detonation which may be treated as a transient event.
We found the most common scenarios of close binary star evolution that result in formation of merging pairs of WDs and studied dependence of their relative role on the still cryptic parameters of binding energy of the stellar envelopes (λ) and efficiency of expulsion of matter in the CE stages (αce). We parametrized scenarios by the product αceλ, which we varied from 0.25 to 2.0. We found, in agreement with some earlier studies (e. g., Mennekens et al. 2010; Toonen et al. 2012; Ruiter et al. 2013; Claeys et al. 2014 With an increase of αceλ from 0.25 to 2, the total rate of mergers increases. If αceλ is low, a large fraction of systems merges in CE. If this product of model parameters is high, a significant fraction of WD+WD pairs is too wide to merge in Hubble time.
We compared the model DTD with results derived from observations of several samples of SNe Ia. In the model, we consider the mergers singled out in Macc − M don diagram as precursors of SNe Ia. The best agreement with observations was obtained for high αceλ=2. Within observational errors, at 1 t 8 Gyr, the model DTD for all mergers agrees with DTD derived by Totani et al. (2008) ; Maoz et al. (2010 Maoz et al. ( , 2012 . For earlier epochs, model DTD has about 3 times less events than observed DTD. For t ≈ 10 Gyr, the discrepancy with the data of Maoz et al. (2012) is ≃ 4. If we take into account only 'canonical' mergers of CO+CO WDs with M1 + M2 1.4, the model DTD is still roughly comparable with the lowest observational DTD estimates for field galaxies , as in the studies of Ruiter et al. (2013); Claeys et al. (2014) 6 , but SNe Ia rates are higher than in the models of Ablimit et al. (2016) in which a more stringent requirement, M1 + M2 1.6 M⊙, q > 0.8, is applied. The current rate of SNe Ia in the Milky Way, if all mergers expected by us to result in SNe Ia of some kind really produce them, is 6.5 × 10 −3 yr −1 , remarkably close to the observationally inferred estimate (5.4±0.12)×10 −3 yr −1 . The model estimate may be lower if our Eq. (4) overestimates the actual Galactic SF R (see e. g. Chomiuk & Povich 2011) .
The transformations of the separation of components during evolution with RLOF and CEs are strongly nonlinear. Different scenarios produce non-flat distributions over log(a) and their sum is also not flat. As a result, we find that the model DTD does not depend on time like power law with an exponent close to -1, as expected from simplified es- timates, assuming that after the last CE episode distribution of separations of WD is flat in log(a). The slope of DTD in our models is a power law, depending on the assumed αceλ (Fig. 12) . The exponents of power law range from -2.33 to -1.64 for αceλ from 0.25 to 2, respectively. The curve with the smallest absolute value of the exponent fits observations for t < ∼ 8 Gyr.
Our model does not fit Maoz et al. (2012) bin of DTD at the shortest delay time, namely, t 420 Myr. However, most SNe Ia in this time-bin may actually be produced by doubledetonations. It was shown by Ruiter et al. (2014) that the double-detonation scenario involving non-degenerate donors and massive CO WD accretors reaches the peak at (200-300) Myr and extends to about 500 Myr. At the peak, the rate of SNe Ia is (3 − 4) × 10 −3 per 10 10 M⊙ yr −1 . DTD of Ruiter et al. (2014) has a second peak, comparable in maximum rate and extending to several Gyr. It is produced by the systems with long-living degenerate He-donors (AM CVn stars). However, it was shown by Piersanti et al. (2015) that in such systems outbursts of He burning never become dynamical and, respectively, AM CVn stars with He WD donors produce neither 'regular' SNe Ia nor lower scale SNe .Ia. Thus, this scenario can not play any role in earlytype galaxies with majority of stars formed in the initial spike of star formation. For the earliest epochs, inclusion of both SNe Ia of double-degenerate origin and double-detonation SNe Ia may reduce the discrepancy between observations and model. Some evidence in favour of the existence of sub-M Ch SNe Ia is not related directly to interpretation of their observations. As noted above, Seitenzahl et al. (2013) noticed that manganese is produced efficiently in explosions only of WDs close to M Ch . The observed [Mn/Fe] ratio in solar neighbourhood may be reproduced, if about half of SNe Ia involve near-M Ch WD, while the rest may be sub-M Ch . However, this conclusion does not restrict the mechanism of sub-M Ch SNe Ia. Badenes & Maoz (2012) estimated the merger rate of Galactic binary WD and found that it is rather similar to the inferred rate of SNe Ia in the Milky Way-like Sbc galaxies. They concluded that there are not nearly enough super-M Ch pairs of WDs to reproduce this rate and, therefore, sub-M Ch pairs may be partially responsible for the SNe Ia rate.
One prediction of single-degenerate models with nondegenerate donors is sweeping of H-or He-rich material from the envelope of the donor by the SN ejecta. Up to now, 17 'normal' SNe Ia have been surveyed for swept-up matter. The upper limits on the amount of the latter are inconsistent with MS/RG donor (see Maguire et al. 2016, and references therein) . On the other hand, as noted by , nascent He WDs have thin H-envelopes which, in the case of merging WDs, will be transferred stably onto CO accretor prior to tidal disruption of the He-core of the donor. This hydrogen is likely to be ejected from the binary in Novae eruptions and sweep-up the surrounding ISM hundreds to thousands of years prior to a possible SN Ia. As found by , it may create ISM profiles closely matching those, inferred from observations of some SNe Ia. As well, interaction of tidal tails with ISM may create NaI D-line profiles similar to those observed . Thus, observations of narrow absorption lines from circumstellar medium do not necessarily manifest the presence of a non-degenerate component in a pre-SN Ia binary.
On the other hand, the existence of a single-degenerate channel to SN Ia may be signified by enhanced brightness and blue and ultraviolet emission arising when the ejected material interacts with companion star Kasen (2010) . UVemission bursts were recently observed in the early spectra of several SNe Ia (Cao et al. 2015; Im et al. 2015; Marion et al. 2016) . However, interpretation of their observations as manifestation of SD-scenario is still a matter of debate (Liu & Stancliffe 2016; Kromer et al. 2016) . For a variety of SD-scenario -SNe Ia in symbiotic systems - Chomiuk et al. (2016) , based on radio-observations, limit the fraction of SNe Ia in systems with red giant components to < ∼ 10 per cent. Strong evidence for Chandrasekhar-mass explosions is provided by observations of SN remnant 3C 397 (Yamaguchi et al. 2015) for which Ni/Fe and Mn/Fe mass ratios derived from X-ray observations are consistent only with nucleosynthesis processes occurring in near-M Ch SN.
It would be incorrect to blame population synthesis alone for the mismatch of models and observations. As we noted in § 2, SPH simulations of merger process suffer from insufficient resolution. Increase of the latter will allow us to resolve smaller hot regions, thus allowing better understanding of conditions for detonation at contact, especially in the systems with He-rich donors. DTD, in turn, are uncertain by almost an order of magnitude, as seen in the Figures above; almost certainly this is not an effect of different methods applied for their recovery, but also an effect of dependence of samples of SNe Ia under study on the environment.
We have shown that by accounting for all WD merger events that hypothetically may produce SNe Ia either during merger processes or in the course of further evolution, it is possible within reasonable limits to explain the DTD for SNe Ia and the rate of SN Ia in the Milky Way. However, the diversity of combinations of chemical composition of components of merging pairs and their masses leaves open the question, why majority of SNe Ia are so 'standard'. Table 1 . This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure A3 . As in Fig. A1 , but for scenario 3 with αceλ=0.25 (left column) and αceλ=2 (right column). Figure A6 . As in Fig. A1 , but for scenario 6. Figure A8 . As in Fig. A1 , but for scenario 8. 
